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Synaptic function: Dendritic democracy
Michael Häusser
Neurons receive synaptic inputs primarily onto their
dendrites, which filter synaptic potentials as they
spread toward the soma. Recent results indicate that
this filtering appears to be compensated by increasing
the synaptic conductance at distal synapses, thus
normalizing the efficacy of synaptic inputs at the soma.
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Dendrites are the remarkably beautiful tree-like structures
that emerge from the cell body, or soma of a neuron.
These delicate structures make up the vast majority of a
neuron’s surface area, and also receive most of the synap-
tic input. It is in the dendrites that much of the work of
the nervous system takes place, and understanding their
secrets is central to understanding how single neurons con-
tribute to the processing of sensory information and the
formation and storage of memories.
Neurons decide whether to fire an output signal — the
action potential — and communicate with their neighbours
by sampling and integrating the thousands of synaptic
inputs that they receive. If this synaptic input produces a
net depolarisation that exceeds a threshold, the neuron
fires an action potential. The ‘decision point’ where this is
evaluated is in the axon initial segment, the site with the
lowest threshold for initiation of the action potential [1].
Synaptic potentials must therefore spread from their site
of origin in the dendrites to the soma and into the axon
before they can influence neuronal output. Dendrites
behave rather like leaky electrical cables, however, in that
they filter electrical signals passing through them. As a con-
sequence, when they arrive at the soma, synaptic poten-
tials generated by inputs in the distal dendrites will have
been attenuated and slowed much more than those gener-
ated by more proximal synapses.
Simulations have shown that this filtering effect can be
considerable: over 100-fold attenuation has been reported
for the most distal inputs to layer 5 pyramidal neurons [2],
which have dendrites over 1 mm long. This poses an inter-
esting design problem. If we take the case of two identical
synaptic inputs placed on either a distal or a proximal den-
drite (Figure 1), the proximal synapse will be far more
effective at influencing neuronal output than the distal
synapse if the neuron behaves passively. To put it another
way, such a system would be highly ‘undemocratic’ — the
‘vote’ of the proximal synapse in deciding whether to gen-
erate axonal output would count more than that of the
distal synapse. It is conceivable, however, that distal
synapses could be involved primarily in local processing,
and not have a significant impact on axonal output.
How can dendritic democracy be restored? There are
three general solutions to the problem. First, distal synap-
tic inputs could be amplified by voltage-gated channels
in he dendritic membrane. The dendritic membranes of
most neurons contain the voltage-gated sodium and
calcium channels that would be required for generating
Figure 1
Compensation of dendritic filtering.
A schematic reconstruction of a CA1
pyramidal neuron with a distal (a) and
proximal (b) synapse. In the left panels, the
two synapses have identical synaptic
conductances, producing very different EPSP
sizes at the soma. In the right panel, the size
of the synaptic conductance at the distal
synapse has been scaled to compensate for
the electrotonic filtering; as a result, both
EPSPs have the same somatic peak
amplitude. (Reconstruction courtesy
N. Spruston)
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this amplification [3]. The second possibility is to scale
the strength of the synapses themselves, in order to com-
pensate for the filtering in the synaptic input. This could
be achieved either presynaptically, by increasing the
number of neurotransmitter quanta released per terminal,
or postsynaptically, by increasing the number of neuro-
transmitter receptors activated. Finally, synaptic connec-
tions with distal dendrites may increase their relative
contribution by being active at higher rates or in syn-
chrony with other distal inputs, or simply by making more
synapses with the postsynaptic neuron.
Until relatively recently, our knowledge of what happens
at synapses in the dendritic tree was determined from
recordings at the soma. The pioneering work of Jack,
Redman and colleagues [4] on spinal motoneurons provided
the first evidence that synaptic strength could be scaled
with dendritic distance. Specifically, they showed that the
apparent size of transmitter quanta measured at the soma
was independent of the electrotonic location of the synap-
tic inputs. Similar results were found in whole-cell patch-
clamp recordings from the soma of CA1 pyramidal neurons,
with the peak quantal synaptic conductance appearing to
scale over 10-fold with increasing distance from the soma
[5]. These studies did not, however, resolve the mecha-
nism by which scaling occurs.
Direct dendritic recordings
Recently, it has become possible to make patch-clamp
recordings directly from the dendrites, offering the oppor-
tunity to investigate directly the mechanisms that under-
lie this synaptic scaling. These techniques have been
used by Magee and Cook [6] in a recent study which
examined the relationship between dendritic distance and
synaptic efficacy in hippocampal CA1 pyramidal neurons.
They first confirmed previous evidence that the ampli-
tude of small excitatory postsynaptic potentials (EPSPs)
measured at the soma did not appear to depend on den-
dritic location (Figure 2). Next, they showed that these
small EPSPs are not amplified by dendritic voltage-gated
calcium or sodium channels, thus ruling out the possibil-
ity that compensation is achieved by activation of voltage-
dependent channels.
This confirms recent results from several neuronal types
showing that voltage-gated channels only make a signifi-
cant contribution to amplifying the synaptic response
when many synaptic inputs are active [3]. This is partly
because these voltage-gated channels tend to activate only
at relatively depolarised potentials (larger than the size of
most unitary synaptic potentials), and partly because
normally their activation is balanced by the activation of
voltage-gated potassium currents. Finally, by measuring
synaptic inputs directly in the dendrites, near the site of
synaptic input, Magee and Cook [6] obtained evidence
consistent with scaling being caused by an increase in
synaptic conductance of individual synaptic inputs with
distance from the soma. 
Potential mechanisms
What are the mechanisms underlying the increase in
synaptic strength with distance observed in CA1 pyrami-
dal neurons? Although the work of Magee and Cook [6]
offers some tantalizing hints, this question remains far
from resolved. The first possibility is that distal synapses
release more transmitter molecules per vesicle, or more
vesicles per release event. Unfortunately, there is still no
conclusive anatomical evidence that the structure of presy-
naptic boutons onto CA1 neurons differs with dendritic
distance, and the number of vesicles released per action
potential is extremely difficult to measure directly. The
next possibility is that the density or properties of the
postsynaptic receptors change with distance from the
soma. Evidence from the goldfish Mauthner cell indicates
that the size of postsynaptic glycine receptor clusters
increases with distance from the soma [7].
In CA1 pyramidal neurons, experiments using local un-
caging of caged glutamate have shown that the apparent
density of AMPA-type glutamate receptors increases with
distance from the soma [8], consistent with a postsynaptic
mechanism for rescaling. As for the properties of the gluta-
mate receptors themselves, so far it appears that there are no
obvious differences in the kinetics or affinity of distal den-
dritic AMPA receptors [9,10]. Further resolution of these
questions will require detailed investigation of synaptic
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Figure 2
Synaptic strength measured at the soma is independent of the
dendritic location of the synapses. EPSPs were evoked by local
dendritic application of hyperosmolar solution at various distances from
the soma, and recorded both near the synaptic site (triangles) and at
the soma (circles). (Adapted from [6].)
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ultrastructure, and of the density and molecular composition
of postsynaptic receptors. These findings also highlight the
importance of making anatomical and receptor labelling
measurements with reference to dendritic location, as most
such studies to date have implicitly assumed that synaptic
function at distal and proximal synapses is identical.
The importance of dendrites
These findings indicate that dendrites take an active role in
regulating synaptic integration. In addition to the synaptic
scaling described here, our recent studies [3] have shown
that several voltage-gated channel types are expressed with
a somato-dendritic gradient, in a manner that has important
functional consequences. This indicates that there must be
general mechanisms by which protein density, and possi-
bly also dendritic structure, may be regulated depending
on dendritic distance. A particularly interesting question is
how dendritic distance is ‘encoded’ in the cell — what is
the cellular ‘ruler’ that measures how far from the soma a
particular synapse is located? This remains a mystery at
present, although there are several possibilities, including
concentration gradients of trophic signals, or detectors of
dendritic branching order. 
The most intriguing — and perhaps the most efficient —
possibility would be that synapses ‘self-regulate’ their
strength depending on the effect they have on output at
the soma. The necessary link between neuronal output
and the synapse could be provided by backpropagation of
the action potential into the dendritic tree, which thus acts
as a retrograde signal to the synapses that the axon has
fired [1]. The mechanisms which then, in turn, regulate
the distribution of proteins based on distance also remain
to be elucidated, although the study of protein transport
and local mRNA translation in dendrites is emerging as a
very dynamic and exciting field.
As the restoration of dendritic democracy by synaptic
scaling is thus likely to involve relatively complex and
energetically costly cell biological mechanisms, this sug-
gests that it confers significant advantages. If individual
synaptic inputs can be treated as equals from the point of
view of the soma, regardless of their actual location, this
could simplify the processing of synaptic inputs by single
neurons, as well as the formation of synaptic connections.
This is not to say, however, that dendritic morphology is
unimportant. On the contrary, the fact that different neu-
ronal types have different dendritic structures which are
conserved across species supports the idea that dendritic
structure is specialized for specific computational tasks.
Indeed, dendritic geometry has an important influence on
the spread of actively propagating electrical signals, such
as action potential backpropagation [1].
The initiation and propagation of dendritic spikes
triggered by activity in clusters of synapses also depends
strongly on dendritic structure, which thus helps to define
functional compartments in the neuron [3]. The impor-
tance of dendritic structure may therefore depend in part
on the extent to which synapses act together in local
groups or behave as individuals. Determining which prin-
ciples predominate under the various conditions existing
in the intact brain should therefore offer important clues
to the factors that are being optimized when neurons — and
brains — are constructed.
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